Blood cell formation is governed by the haemopoietic growth factors that control the proliferation, maturation and survival of the haemopoietic progenitor cells via activation of receptors expressed on the cell membrane. Most of these receptors share structural features and have been grouped in the haemopoietin or class I receptor superfamily. Recently considerable progress has been made in elucidating the regions critical for the function of these receptors and the signal transduction mechanisms that they activate. Moreover, it has become clear that certain clinical haematological conditions can be linked to specific defects in these receptors. The significance of defects in the receptor for grannlocyte colony-stimulating factor (G-CSF) in the pathogenesis of severe congenital neutropenia and acute myeloid leukaemias is discussed.
Haemopoietic growth factors (HGFs) stimulate the proliferation and development of haemopoietic precursor cells via binding to specific cell surface receptors. The majority of HGF receptors (HGF-R) belong to the superfamily of haemopoietin or cytokine receptors, also referred to as the class I receptor superfamily (Bazan, 1990; Cosman, 1993) . Activation of these receptors involves the formation of dimeric or oligomeric complexes of receptor structures. Some HGF-R are composed of heteromeric complexes, comprising distinct receptor chains. For example, the receptors of interleukin (IL-) 2, IL-3, IL-5 and granulocyte-macrophage colonystimulating factor (GM-CSF) (Miyajima et al, 1993) . Other receptors, for example those of granutocyte-CSF (G-CSF) and erythropoietin (EPO), are thought to form homodimeric complexes upon growth factor binding (Fukunaga et al, 1991; Cosman, 1993) .
Severe chronic neutropenia (SCN) and acute myeloid leukaemia (AML) are disease conditions characterized by a myeloid maturation arrest in the bone marrow. Because SCN patients have a highly increased probability of developing AML, it has been postulated that common or functionally overlapping mechanisms may be involved in these diseases. A number of research groups have recently paid attention to the possibility that abnormalities in responses to GM-CSF and G-CSF, two of the major HGFs implicated in the control of myeloid differentiation, might contribute to the pathogenesis of SCN and AML.
The major principles of signal transduction from the HGF-Rs will be discussed. Next, experimental and clinical evidence for the involvement of HGF-R abnormalities for the development of disorders of the haemopoietic system will be summarized. Finally, the biological and clinical consequences of signalling defects of the GCSF receptor in SCN and AML will be discussed.
Structure and signalling function of class I haemopoietin receptors
Class I receptors are glycoproteins with an extracellular N-terminal domain, a single hydrophobic membrane spanning domain and a Cterminal cytoplasmic domain. Characteristic of these receptors is the cytokine receptor homology region in the extracellular domain that is required for HGF binding. The intracellular domains of class I receptors show little overall homology. Structure/function analysis of the G-CSF receptor in appropriate cell line models showed that distinct functional subdomains in the cytoplasmic region of class I type cytokine receptors may be involved in transduction of proliferation and maturation signals (Dong et al, 1993; Fukunaga et al, 1993) . More recently, similar findings have been reported for differentiation induced by the thrombopoietin (TPO) receptor (Porteu et al, 1996) and the IL-6 signal transducer GP130 .
Although class I cytokine receptors activate cytoplasmic signalling substrates via tyrosine (Tyr)-phosphorylation, they do not possess Tyr kinase activity themselves. Instead, protein tyrosine phosphorylation of downstream substrates is achieved via activation of cytoplasmic protein Tyr kinases (PTKs). The Janus kinases (JAKs) comprise a PTK family with specific structural features that contains at least five members, four of which (JAKs 1-3, TYK2) were found to play a central role in cytokine receptor signalling (Ihle and Kerr, 1995) . Mutations in the membrane proximal cytoplasmic region that prevent JAK-binding and activation completely abolish the proliferative signalling capacities of, for example, GM-CSF-R and EPO-R (Miura et al, 1993; Quelle et al, 1994) . Thus, activation of JAKs is essential for the mitogenic signalling function of HGF-Rs. Supporting this, it was found that overexpression of a kinase deficient form of JAK2 interfered with EPO-induced proliferative responses (Zhuang et al, 1994) . Upon activation, JAKs Tyr phosphorylate STAT (signal transducer and activator of transcription) proteins. The Tyrphosphorylated STAT proteins form complexes that translocate directly to the nucleus, where they bind to specific transcription regulatory sequences in the genomic DNA and induce gene expression. So far, six distinct STAT proteins, plus a number of isoforms, have been identified in mammalian cells. Because HGF-Rs show specificity in their ability to recruit and activate STATs, it was suggested that diversity within the type of STAT complexes activated might contribute to the nature of the diverse cellular responses to a given HGF (Ihle and Kerr, 1995) . Evidence in support of this is provided in recent in vivo and in vitro studies in which gene knock-out and dominant negative mutant strategies were applied to specifically block the expression and/or function of STATs (Mui et al, 1995; Durbin et al, 1996; Kaplan et al, 1996; Meraz et al, 1996; Shimoda et al, 1996; Takeda et al, 1996; Thierfelder et al, 1996) . Given the central role of JAKs and STATs in driving cellular responses to various HGFs and cytokines, it may be suggested that aberrations in the function of JAKs or STAT function would have profound clinical effects.
The p21R~/MAPkinase pathway is a second major route implicated in HGF-R signalling. This route is more complex than the JAK/STAT pathway and is activated via a variety of intermediate signalling complexes. Adaptor proteins acting upstream of p21Ra~ include Shc, Grb2 and the protein tyrosine phosphatase SHP-2. Shc and Grb2, or SHP-2 and Grb2, form complexes with the nucleotide exchange factor Sos (Son of sevenless), which results in the activation of p21RaL The p21R~ pathway is involved in mediating HGF supported survival of haemopoietic cells (Kinoshita et al, 1995) . Furthermore, signals given via this route have been found to cooperate with JAK/STAT signals in controlling cell cycle progression. The cooperation between the JAK/STAT and p21R"~ pathways is more intimate than was initially thought. Activation of the Ras route by, for example, G-CSF-R, cannot be achieved independent of JAKs (Barge et al, 1996) . This is because JAKs are (directly or indirectly) responsible for the phosphorylation of Tyr residues in the receptor molecules, which serve as binding sites for signalling substrates implicated in the p21 ~S route. The opposite is also true that, although phosphorytation on Tyr residues by JAKs suffices for STAT complex formation and DNA binding, it appears that subsequent induction of transcription by STAT complexes requires an additional phosphorylation event, on serine(Ser) residues (Wen et al, 1995) . This is achieved via members of the MAPK family, some of which are activated via p21R"~ (David et al, 1995) .
Class I cytokine receptor defects in haemopoietic diseases
Given the strict dependence of haemopoietic progenitor cells on HGFs for proliferation, survival and differentiation in vitro, it had been anticipated that mutations in HGF-R genes could have a role in the development of certain haemopoietic disorders. Initial evidence in support of this came from the demonstration that a truncated form of the TPO-R, previously referred to as MPL, that lacks the major part of the extracellular domain, is transduced by murine myeloproliferative leukaemia virus (MPLV) and immortalizes haemopoietic progenitor cells (Souyri et al, 1990 ). In I.P. Touw addition, it was shown that alterations in the extracellular domain of EPO-R and the common ~ chain of IL-3R/IL-5R/GM-CSF-R, which confer ligand independent activation of these receptors, contributed to the development of erythroid and myeloid leukaemias in mice, respectively (Longmore and Lodish, 1991; Jenkins et al, 1995) . However, transforming mutations in the [3~ receptor chain have so far not been detected in human myeloid leukaemia (Freebum et al, 1996) . Mutations in growth factor receptor genes affecting the signalling function of the receptor proteins have been found in four clinical haematological conditions: X-linked severe combined immunodeficiency (X-linked SCID), benign erythrocytosis, SCN and AML. The disease locus in X-linked SCID is positioned at Xql3.1 and comprises the gene encoding the common chain (Z) of the IL-2, IL-7, IL-15 and possibly the IL-4 and IL-13 receptor complexes (Noguchi et al, 1993; Puck et al, 1993 ). X-linked SCID patients express mutations in the Yc gene. These mutations are not limited to a single critical region, but occur at multiple positions in the gene. They may lead to protein truncations or structural alterations in the extracellular domain, giving rise to non-ligand binding or soluble forms of the Z protein (Noguchi et al, 1993; Puck et al, 1993; Voss et al, t994; Pepper et al, 1995) . Alternatively, a portion of the cytoplasmic domain is truncated, which contains the cytoplasmic SH2 domain of the (y~) receptor sub-unit that can predictively bind to downstream, as yet unidentified, signalling molecules, as well as the binding site of the PTK JAK3 (Johnston et al, 1994 , Pepper et al, 1995 . Two sets of observations have established that the inability to activate JAK3 specifically determines the disease phenotype in X-linked SCID.
First, double knock-out ('null') mice lacking JAK3 genes display a SCID phenotype that is indistinguishable from that of Z null mice (Disanto et al, 1995; Nosaka et al, 1995) . Second, a number of cases of autosomal SCID patients have recently been reported with inactivating mutations in the JAK3 gene. These patients display clinical symptoms similar to X-linked SCID (Macchi et al, 1995; Russell et al, 1995) .
Benign erythrocytosis is a dominant autosomal condition characterized by a mild increase in red blood cell counts with normal serum levels of EPO. The condition ihas been associated with mutations in the EPO-R. So far, two pedigrees with distinct types of mutations have been identified. One is a nonsense mutation that results in the deletion of 70 carboxyterminal amino acids (De la Chapelle et al, 1993) . The second is an insertion resulting in a frameshift and a premature stop codon, causing a deletion of 64 carboxy-terminal amino acids (Sokol et al, 1995) . As a result of these truncations, the binding site for the protein tyrosine phosphatase SHP-1, at Tyr 449 of EPO,R, is lost (Klingmtiller et al, 1995) . Because SHP-1 is a negative regulator of JAK2 activation by EPO, the mitogenic response to EPO is enhanced as a result of these truncations. This provides a plausible mechanistical explanation for the increased red blood cell production in these individuals (Youssoufian et al, 1993) , which is further supported by the observation that SHP-1 deficient (meTme v) mice also demonstrate an increased sensitivity to EPO (Van Zant and Schultz, 1989) .
G-CSF receptor defects in SCN and AML
A maturation arrest of granulocytic progenitor cells in the bone marrow leads to profound absolute neutropenia in SCN. As a result, patients suffer from severe and life threatening opportunistic infections. SCN diagnosis is usually made early in infancy and the disease has a variable inheritance. Although SCN was originally described, in Swedish families, as an autosomal recessive disorder (Kostmann, 1956) , autosomal dominant forms of SCN have also been identified. Additionally, SCN cases without a family history have been reported. This variability in genetic background implicates that SCN is a heterogeneous disease condition in which defects in different genes may give rise to a largely similar disease phenotype.
Because GM-CSF and G-CSF are major growth factors involved in the production of neutrophilic granutocytes, the possibility that SCN patients might clinically benefit from treatment with these growth factors has received major interest. Initial studies in which SCN patients were treated with GM-CSF showed that myelopoiesis was enhanced as a result of the treatment, leading to a significant rise in absolute leukocyte counts. However, with few exceptions, GM-CSF led to increased eosinophil and monocyte counts, whereas neutrophil levels remained low (Vadhan-Raj et al, 1990; Welte et al, 1990) . These clinical observations indicated that GM-CSF treatment of SCN patients is generally not sufficient to restore the intrinsic defect in neutrophilic maturation. In contrast, G-CSF treatment of SCN patients leads to large increases in functional neutrophils, resulting in significant clinical improvement (Bonilla et al, 1989; Welte et al, 1990 ). Therefore, it was hypothesized that reduced levels of biologically active G-CSF might be involved in the pathogenesis of SCN. However, production of G-CSF by mononuclear cells and bone marrow stroma cells from SCN patients appeared to be normal and G-CSF serum levels often higher than normal, which excluded defective G-CSF production as a possible cause of neutropenia in these patients Pietsch et al, 1991; Guba et al, 1994) .
A randomized, controlled phase III trial showed that 90% of SCN patients respond to G-CSF treatment by increases in their absolute neutrophil counts, although generally to levels which are still below normal (Dale et al, 1993) . This resulted in approximately 50% reduction in the incidence and duration of infection-related events and almost 70% reduction in duration of antibiotic use. In patients in which G-CSF therapy does not result in sustained and sufficiently increased numbers of circulating neutrophils, infection-related mortality remains a major concern (Ryan et al, 1995; Zeidler et al, 1996) .
A second major clinical complication is that SCN patients have an increased probability of developing myelodysplasia (MDS) and/or AML with poor prognosis (Gillio and Gabrilove, 1993) . The incidence of progression to leukaemia among SCN patients registered by the Severe Congenital Neutropenia International Registry (SCN-IR) is 16 out of 220 or 7.27%, as reported in September 1996 (Freedman et al, 1996) . The follow-up of this cohort of patients, who all received G-CSF therapy, is still relatively short (8 years or less). It is therefore possible that this figure is still an underestimation of the frequency of AML progression.
The variability in clinical responses of SCN patients to G-CSF is a further illustration of the heterogeneous nature of SCN. The fact that most patients respond to pharmacological but not to normal dosages of G-CSF raised the suggestion that abnormalities in the expression or growth factor binding abilities of G-CSF-R could play a role in SCN. However, the observation that neutrophils from SCN patients expressed normal levels of G-CSF-R with normal G-CSF binding affinity argued against this idea (Kyas et al, 1992 ). An alternative explanation is that the cytoplasmic signalling function of G-CSF-R is affected in SCN. Support for this possibility came from the identification of an SCN patient with a somatic mutation in the G-CSF-R gene (Dong et al, 1994) . This mutation resulted in the truncation of the C-terminal cytoplasmic region of the G-CSF-R that is critical for its maturation signalling function (Dong et al, 1993; Fukunaga et al, 1993) . The mutation was heterozygous and present in the myeloid cells of the patient, but not in other haemopoietic lineages (erythroid, T and B lymphocytic) or skin fibroblasts from either the patient or his parents, indicating that it had occurred in a progenitor cell committed to the myeloid lineage. Besides lacking maturation signalling abilities, the truncated G-CSF-R protein also misses a C-terminal element that negatively regulates proliferation (Dong et al, 1994) . Experiments in which wildtype and mutant G-CSF-R were co-expressed at comparable levels in 32D cells showed that maturation signalling fi'om the wildtype form is inhibited by the truncated G-CSF-R form in a dominant negative fashion (Dong et al, 1995a) . This, in combination with the fact that the affected myeloid progenitor cells had clonally expanded in the patient, suggested that expression of the mutant G-CSF-R induced or contributed to a premalignant status of the cells. In further support of this, the leukaemic cells from two AML patients with a history of SCN also had mutations in G-CSF-R, again truncating the C-terminal maturation-inducing region (Dong et al, 1995a) . Among 20 other cases, two additional patients with G-CSF-R mutations in the critical region were identified, both of which developed AML. Notably, G-CSF-R mutations were not detected in SCN patients from the original pedigree of Kostmann, i.e. the autosomal recessive variant (Dong et al, 1997) . Tidow et al (1997) recently reported the presence of G-CSF-R nonsense mutations in four out of 28 SCN patients. One of these (patient FR) had already been included in the analysis of Dong et al (1997) , but the others represented novel cases. Two of their four patients with G-CSF-R mutations, including FR, developed AML. Thus, from a total of 50, seven patients (14%) had mutations in the G-CSF-R gene, four of whom showed disease progression to AML. Importantly, a G-CSF-R mutation was detected after leukaemic progression but not at the neutropenic stage of the disease. This patient suffered from an inherited recessive form of SCN, with a brother also being severely neutropenic. Neither this affected brother nor the healthy parents had a G-CSF-R mutation. These observations provided further support for the notion that a G-CSF-R mutation truncating the C-terminal domain is associated with leukaemic progression in SCN, but also suggested that this defect had not been the primary cause of the neutropenia, at least in this familial form of SCN.
To establish to what extent G-CSF-R mutations contribute to the disease phenotype, experiments in which these mutations are targeted into the haemopoietic cells of mice and the consequences studied in vivo are warranted. So far, it has been demonstrated that G-CSF or G-CSF-R null mice suffer from chronic neutropenia, further establishing the essential role of G-CSF in neutrophil development (Lieschke et al, 1994; Liu et al, 1996) . Strikingly, the neutropenia in these knock-out mice is not as deep as in SCN patients. Apparently, other growth factors can to a certain extent substitute for G-CSF, as observed by Liu et al. in their G-CSF-R null model (Liu et al, 1996) . The defects in SCN may be more severe because they affect the maturation abilities in such a way that compensatory mechanisms are ineffective. In the context of the G-CSF-R mutations, this could be because truncated G-CSF-R combine defective maturation with enhanced proliferation signalling (Dong et al, 1993) . These gross disturbances of the proliferation/maturation balance and changes in cell cycle kinetics in response to G-CSF could make the compensatory mechanisms ineffective, which would explain the accumulation of immature cells in the bone marrow that is characteristically observed in SCN patients.
The majority of SCN patients do not express G-CSF-R mutations. By analogy to the severe combined immunodeficiency syndrome, in which mutations in either the Z or Jak3 genes give rise to the same clinical symptoms, it is tempting to speculate that these patients could have defects in signalling substrates directly downstream of the G-CSF-R. The signalling properties of G-CSF-R on bone marrow and blood cells of SCN patients have been investigated to a limited extent. For instance, it was shown that G-CSF-R, are not hampered in their ability to activate the JAK2 kinase (Rauprich et al, 1995) . Taking into account the localization of the G-CSF-R mutations, this is not surprising because activation of JAK2 is mediated via the membrane proximal cytoplasmic region of G-CSF-R. Rather, potential defects in the signalling function downstream of G-CSF-R might be expected to involve substrates activated via the carboxyterminal region of the receptor.
A STAT family member that is prominently activated by G-CSF is STAT3 . Although little is known of the target genes of activated STAT3 complexes that are implicated in neutrophilic maturation, recent work has indicated that STAT3 is involved in IL-6-induced macrophage differentiation . G-CSFinduced activation of STAT3 depends on the recruitment of STAT3 to the G-CSF-R via binding of STAT3-SH2 domains to multiple phosphotyrosines of the activated G-CSF-R. Three of these Tyrs are located in the C-terminal region associated with maturation signalling, raising the possibility that STAT3 could be involved in the regulation of neutrophilic development. However, truncated G-CSF-R forms from SCN patients are still able to activate STAT3, indicating that the lack of maturation signalling function of the mutant receptors cannot simply be attributed to disturbed STAT3 activation. On the other hand, the truncated G-CSF-R forms have lost their ability to activate the Shc protein, involved in the p21R~ pathway. Recently it has been demonstrated that Shc activation is required for differentiation induction via the TPO-R (Alexander et al, 1996) . In contrast, studies with Tyr substitution mutants of G-CSF-R indicated that neutrophilic differentiation induced by G-CSF does not depend on Shc activation (De Koning et al, 1997) . In fact, it is still unclear which signalling substrates are critical for G-CSF-R-induced neutrophilic maturation.
Mutations affecting the function of the G-CSF-R can also be found in AML patients without a disease history of congenital neutropenia. Thus far, two such cases have been reported. One patient expressed a mutation truncating the C-terminal maturation domain, similar to those detected in SCN (Carpeti et al, 1997) . In the second patient, AML blasts showed high expression of a new G-CSF-R splice variant termed SD, in which the carboxy-terminus is altered due to a change in the reading frame (Dong et al, 1995b) . Analysis of cDNA and corresponding genomic sequences revealed a G to A transition next to a (cryptic) splice donor site involved in the alternative RNA splicing. The SD splice variant was unable to transduce proliferation and maturation signals upon transfer to murine cell systems. In agreement with this, the primary AML blast cells of this patient failed to respond to G-CSF in proliferation assays in vitro, whereas the responsiveness to IL-3 or GM-CSF was maintained. These observations implicate that G-CSF-R dysfunction, either caused by structural defects in the G-CSF-R (rarely) or by abnormalities in downstream signalling components mediating maturation signalling, can play a role in the pathogenesis of de novo AML.
